The aim of the study was to determine changes in phytotoxicity levels during bioremediation of soil contaminated with 5% (v/w) diesel oil and find their correlation with the effectiveness of hydrocarbon degradation. Bioremediation trials were performed using a Gordonia alkanivorans S7 strain. The clean-up process was enhanced through the addition of dried fungal enzymatic preparations obtained from fungi Phanerohaete chrysosporium and Aspergillus niger. After 110 days of bioremediation the decrease in soil pollution ranged between 68 and 77% depending on treatment conditions. Toxicological tests using marker plants revealed significant differences in the phytotoxicity levels of soil during bioremediation, depending on the treatment variant. The addition of an enzymatic fungal preparation to soil was found to accelerate the rate of contaminant degradation. The rate of hydrocarbon depletion in subsequent phases of the remediation process was found to be correlated with the phytotoxicity level. The obtained results provide evidence that phytotests can be useful tools for monitoring toxicity changes during bioremediation either mediated only by bacteria or additionally stimulated by fungal enzymatic preparations.
Introduction
Crude oil and products of its processing are major sources of pollution of terrestrial and water environments causing their degradation in the industrialized regions of the world. The most common pollutant is diesel oil (Klimiuk and Łebkowska, 2005) which is harmful to the natural environment and living organisms because the toxic effects of diesel oil on organisms may appear after the MAC concentrations (maximum allowed concentration) of 5 mg/l and STEL (short-term elevated levels) of 50 mg/l have been exceeded. The oral toxicity of diesel oil is relatively low, with two studies reporting LD50 (lethal dose for fifty percent of test organisms studied) values of 7.5 g/kg and 16 ml/kg in rats. Depending on the literature sources, diesel oil is considered a second or third category carcinogen (Chilcott, 2011) . Particularly deleterious to human health are poly-aromatic hydrocarbons (PAHs) contained in diesel oil. Numerous epidemiological and toxicological studies have shown a clear relationship between exposure to these compounds and an increased risk of cancer (Alexandrine et al., 2000; Faustioni and Bernucci and Marinelli, 2000; Goldman et al., 2001; Perera et al., 2005; Wang S. et al., 2008) . The mutagenic and carcinogenic effects of these compounds result from their metabolic transformations (e.g. conversion to epoxy derivatives) occurring in the human body and aimed at their elimination from the organism (Rybicki et al., 2004; Coccia et al. 2009) .
Changes caused by the long term presence of hydrocarbons in soil are difficult to estimate because of the complexity of interactions and the lack of clearly defined research standards in this area. Processes of soil selfclean-up usually take a long time. Human intervention is needed in terms of both pollution prevention and the development of technologies accelerating the process of pollution removal. The clean-up of oiled areas is possible only when they are populated by metabolically active hydrocarbon-degrading microorganisms. The effectiveness of bioremediation depends on many factors, such as access to oxygen, water, biogenic elements, appropriate pH and temperature (Kaszycki and Kołoczek, 2000; Libudzisz and Kowal, 2000; Nowak, 2008 , Kauppi, 2011 . It is easier to ensure suitable bioremediation conditions than to control the toxic effect of hydrocarbons and their degradation intermediates during this process.
It is well known that most of the components of crude oil and its derivatives show a certain level of toxicity in 432 relation to the diverse community of organisms in the complex ecosystem of soil. Diesel fuel contains many compounds that have different chemical structures and different degrees of susceptibility to biodegradation. For that reason, successful bioremediation, which should be a continuous process leading to the mineralization of these compounds, is sometimes difficult (Philips et al., 2000) because intermediate metabolites of hydrocarbon degradation may be more toxic than original pollutants. Numerous data indicate that the control of toxicity levels in the successive steps of the bioremediation process is an essential element of monitoring these processes. Accurate determination of the toxicity requires application of appropriate methods. Currently used tests usually involve single species with soil fauna and flora. However, toxicological data related to only one indicator are insufficient to assess the impact on the entire ecosystem of the complex mixture of compounds contained in crude oil. Interactions between oil components and microorganisms during bioremediation have not yet been fully understood and therefore a more sophisticated control of the clean-up process is necessary. Not only chemical (the level and composition of pollutants) and biological (microbial population studies) parameters, but also changes in toxicity (Namieśnik et al., 2003; Płaza et al., 2005; Girotti et al., 2008) should be monitored during bioremediation.
Bioassays used to monitor levels of toxic contaminants during bioremediation of soil contaminated with diesel oil include survival tests of such organisms as protozoa Spirostomum ambigum (Spirotox test), shellfish Heterocypris incngruens (Ostracodotoxkit F test) and the earthworm Eisenia fotedia (Dorn et al., 1999; Kyung and Kyoung, 2001) . Also, bacterial enzyme assays such as Microtox® (Al-Mutairi et al., 2008) and LumiStox® and genotoxicity tests such as the Ames test (Beâ-kaert et al., 1999) , SOS chromotest (Bombardier et al., 2001) and Vitotox® (Park and Que Hee, 2001 ) are used to monitor toxicity levels.
The very popular Microtox® test, which is probably the most commonly used bioindication test (Dorn and Salanitro, 2000) , employs the luminescent bacteria Vibrio fisheri. The level of luminescence is strongly dependent on the concentration and toxicity of pollutants, which makes the analysis very easy (Al-Mutairi et al., 2008) . However, tests conducted with selected "laboratory" microorganisms do not represent the effects of toxic pollutants on typical soil microflora, which in the vast majority is not culturable under laboratory conditions. To obtain more representative results, fast germinating plants typical of the given type of soil and climatic zone were also used as pollution biomarkers. The different sensitivity of various plant species to the same pollutant (at the same concentration) and the undoubted role of plants in soil bioremediation processes has resulted in the increasing use of plant-based tests in analytics. In the remediation of soil vegetation plays a very important role as well. Literature data indicate that bioremediation processes are the most efficient in the root zone. Today it is known that the presence of pollutants significantly affects not only the composition and abundance of microorganisms, but also plant growth. Diesel oil indirectly affects soil pH and levels of micronutrients and macronutrients in contaminated land. The presence of hydrocarbons in soil suppresses plant vegetation and thereby makes the clean-up processes less effective (Kyung et al., 2004; Wyszkowski and Ziółkowaka, 2009; Vwioko and Omamo, 2012) .
The use of plants in the bioindication of soil contaminated with petroleum products makes it possible to obtain rapid and direct information about the level of toxicity during the process of degradation of petroleum compounds. In addition, these assays can also be carried out in situ and therefore plant-based tests can be used as the first indicators of the presence of toxic compounds. Most frequently used indicator plants are: Lemna minor, Lepidium sativum, Zea mays, Triticum aestivum, Avena sativa Lactuca sativa Raphanus dativus, Phaseulus vulgari, Sorghum bicolor, Brassica Campestri, and Oryza sativa (Juvonen et al., 2000; Maila and Cloete, 2002; Qi et al., 2008) . The Phytotoxkit TM is also available on the market (MicroBioTests Inc., Mariakerke Gent, Belgium, Phytotoxkit, 2004) . The latter test was used in this study to monitor changes in the level of toxicity of soil contaminated with diesel oil during bioremediation processes which were conducted using either only a selected bacterial strain or such a strain and additionally selected fungal enzyme preparations.
Materials and methods

Bioremediation processes
Bioremediation processes were conducted for 4 months in laboratory conditions using identical 2 l glass vials Phytotests as tools for monitoring the bioremediation process of soil contaminated with diesel oil 433 containing 1.8 kg of soil contaminated with diesel oil (5% v/w). Bulk density (g @ cm
Total N (%) 0.14 C : N 15:1
37.7 ± 0.26 2.00 ± 0.15 1.00 ± 0.10 0.45 ± 0.01 0.11 ± 0.01 0.95 ± 0.03
The soil was inoculated with a one-day liquid culture of Gordonia alkanivorans S7 (the strain from the collection of the Institute of Technical Biochemistry, Technical University of Lodz). A proportion of the soil samples were additionally treated with fungal enzyme preparations obtained from Phanerochaete chrysosporium or Aspergillus niger. These preparations were produced by solid state cultures of these fungi in culture medium containing wheat bran, malt extract, minerals and diesel oil at a concentration of 0.5% (v/v). On completion of the culture the medium overgrown with mycelium was ground mechanically; next, mycelium was de-fatted with acetone (washed three times) and dried. The resulting preparations were stored at 25EC in sealed containers.
Conditions and control of bioremediation processes
The parameters controlled during the 4 month-bioremediation processes were as follows: a) water content in the soil, which was maintained at 25% through the replenishment of evaporated water and b) mass of the soil, which was checked every 2-3 days. In addition, soil samples in the vials were supplemented once a week with NH 4 Cl (nitrogen source) in doses ensuring the maintenance of the N : C ratio at 10 : 1.
The following four variants of bioremediation conditions were used: A -trial with diesel oil inoculated with G. alkanivorans S7, B -trial with diesel oil inoculated with G. alkanivorans S7 with the addition of an enzyme preparation from A. niger, C -trial with diesel oil inoculated with G. alkanivorans S7 with the addition of a P. chrysosporium enzyme preparation. D -control trial -soil contaminated with diesel oil. Tests were performed in triplicate.
Chemical analysis
To determine the total degree of utilization of hydrocarbons, soil samples (10 g) were subjected to a two-step treatment. First, the sample was sonicated for 2 hours and then subjected to 2 hours extraction with dichloromethane which was carried out in a Soxhlet apparatus. Resulting extracts were left until the solvent evaporated and the mass of the extracted hydrocarbons was determined gravimetrically. The results were used to calculate the decrease in total hydrocarbon content caused by the microorganisms. Additionally, GC analysis of hydrocarbons extracted from the soil was performed. Hydrocarbons extracted as described in section 2.3.1. were dissolved in 1 ml of hexane. Gas chromatography of hydrocarbons was performed using a Hewlett-Packard gas chromatograph (model 5980) equipped with a DB1 capillary column (30 m × 0.53 mm × 0.25 μm) and a flame -ionization detector (FID). The analysis conditions were: the solvent -hexane, helium as a carrier gas, injector temperature of 300EC, 1 μl injection volume, temperature program: 60EC / increase by 4EC in 1 min / 260EC, FID temperature of 260EC.
Biological assay
Phytotoxkit -set for the germination and early plant growth testing. Assay plates were filled with 140 g (90 ml) of tested soil and moistened with distilled water to 100% water capacity and covered with filter paper.
Then, the test plant seeds (mustard -Sinapis alba, cress -Lepidium sativum, sorghum -Sorghum saccharatum) were applied at 10 pieces per plate. Assay plates were incubated vertically at 25EC for 3 days. The tests were carried out in triplicate for each bioremediation variant. These tests were conducted seven times, at two week intervals. The reaction of plants to the presence of hydrocarbons and toxic intermediates of their metabolism was determined based on the degree of the inhibition of seed germination and root growth. All measurements were done using an "Image Tools" analysis program.
Data analysis
The percentage inhibition (1) of seed germination (GI) and root growth inhibition (RI) for the plants was calculated from the formula:
(1)
where: A is the mean seed germination level or root length in the control soil; B is the mean seed germination level or root length in the test soil. The effect of each bioremediation variant on GI and RI was analyzed using the Statistica 10.0 program. The relationships between the intensity of carbohydrate degradation in the bioremediation processes (residual hydrocarbon content) and phytotoxicity parameters were determined by correlation coefficient r with Statistica 10. Significance was set at p = 0.05.
Results and discussion
This study on the bioremediation of soil contaminated with diesel oil, which was treated either with a selected bacterial strain or additionally with selected fungal enzyme preparations, focused on toxicological aspects of the clean-up process.
The biological material used in the study included:
bacterial strain G. alkanivorans S7, which was described earlier by Kwapisz et al., 2008 and Romanowska et al., 2010 and crude fungal enzyme preparations derived from strains of A. niger and P. chrysosporium containing, among others, esterases and oxidoreductases such as laccase. Diesel oil (at a relatively high concentration of 5% v/w) was used as a pollutant because, according to the literature, it more adversely affects the soil environment than gasoline fuel. Diesel oil components were found to affect, to a greater extent, both concentrations of macronutrients and micronutrients and soil physicochemical properties (Siuta, 2003; Henner et al., 1999) . Bacteriological tests and phytotests seemed to be most useful for monitoring the changes in the toxicity of soil purified of hydrocarbons. However, since bacteriological tests are time and labor consuming we recorded changes in soil toxicity during the bioremediation process by analyzing the growth of selected, fast germinating and pollution-sensitive plants. Particular attention was paid to the growth of roots which are most sensitive to toxins while seed germination is much less inhibited.
Preliminary experiments revealed that in both the reference soil and contaminated soil the number of seeds that did not germinate was comparable. Furthermore, it was noted that the germination of seeds alone did not guarantee further growth of plant roots. Recent literature data prove that germination-capacity is only slightly affected by petroleum substances, heavy metals or other pollutants (Baran and Jasiewicz, 2008; Baran et al., 2009; Oleszczuk, 2008) . Based on the observations described above, it was decided that the inhibition of seed germination cannot be the principal criterion reflecting toxicity changes occurring during biological treatment of soil contaminated with diesel fuel. For this reason, the studies focused on the control of the percentage inhibition of root growth as a key factor affected by the presence of toxic compounds in soil.
Results of phytotests (preliminary experience -not presented in this work) provide evidence that during the whole bioremediation process the level of the inhibition of root growth depends on bioremediation conditions and the botanical origin of seeds used in experiments. In each of the tested variants of bioremediation conditions, most sensitive to the presence of toxic petroleum compounds were the sorghum seeds, and least sensitive were the mustard seeds. Contaminated soils are frequently populated by plant species displaying different sensitivities to petroleum compounds and, therefore, to obtain complete information on the changes in soil toxicity, it was decided to present the average results of the tests checking the degree of root growth inhibition obtained for all the indicator plants used in our experiments. These average data are considered a more suitable model of the toxicity changes taking place in a natural and complex ecosystem contaminated with petroleum compounds; better than the data obtained for only one plant species.
The results collected from the phytotest (MicroBioTests Inc., Mariakerke Gent, Belgium, Phytotoxykit, 2004) , in which mustard, sorghum and cress plants were used as indicators of the effectiveness of treatment variants, are shown in Figures 1, 2 and 3 . The obtained average data show that immediately after soil contamination with diesel oil, the inhibition of root growth reached 66% in all bioremediation variants. On the 20 th day of the process mediated by the bacterial strain G. alkanivorans S7 (variant A) , the level of phytotoxicity was significantly lower (36%) than the control sample for which this parameter decreased only to 60% (the latter value was main- day). These high toxicity levels suggest that the processes mediated by the selected bacterial strain and enhanced by enzymes contained in fungal preparations caused transient accumulation of toxic intermediate metabolites in the soil. However, neither structures nor concentrations of these hypothetic intermediates were determined in our study. It is noteworthy that up to the 20 th day of the clean-up processes the levels of residual hydrocarbons in all monitored soil samples (treatment variants A, B and C) were almost the same (46-51%). In further steps of the bioremediation processes (between the 55 th and the 110 th day) the toxicity levels decreased: from 84% to 21% in variant A, from 56% to 24% in variant B and from 64% to 28% in variant C.
The experimental data provide evidence of a correlation between the phytotoxicity level and the rate of hydrocarbon biodegradation. In the second phase of bioremediation, a relatively high level of phytotoxicity and the slowest decrease in the content of petroleum substances, ranging between 1 and 4%, were observed day of bioremediation, when the toxic effects on plants were substantially weaker, the level of residual hydrocarbons was decreased and in the last phase of experiment it amounted to 5%, 3% and 9% of the initial hydrocarbon content for treatment variants A, B, and C, respectively.
A GC analysis revealed that soil samples additionally treated with fungal enzyme preparations (variants B and C) which were highly toxic to plants contained products of hydrocarbon metabolism (the increased number of peaks in the chromatograms of samples collected on days 55 It is noteworthy that the intensity of the degradation of different hydrocarbon fractions of diesel oil depended on the process mediator (cells of G. alkanivorans S7 alone or additionally one of the two enzyme preparations) (Fig. 4, 5 and 6 ). The treatment of contaminated soil with the strain G. alkanivorans S7 alone caused a relatively fast decrease in the content of short-chain hydrocarbons (Fig. 4) . When the process also involved the enzyme preparation from A. niger, elimination of all hydrocarbon fractions was observed (Fig. 5) . By contrast, when the bioremediation process was performed using both G. alkanivorans S7 and P. chrysosporium enzyme preparations, long-chain hydrocarbons (longer than C14) were most quickly degraded (Fig. 6 ).
Conclusions
Bioremediation processes performed within the scope of the present study were strongly influenced by fungal enzyme preparations which were used apart from the selected bacterial strain. These enzyme preparations affected the biodegradation rates of hydrocarbon fractions and the levels of the accumulation of intermediate metabolites. The phytotoxicity test used in monitoring the processes is simple and inexpensive. This phytotest can be used for the assessment of toxicity in all phases of bioremediation of soil contaminated with diesel fuel. Our results suggest that there is a need to find other suitable plants that are common in our climate zone and display high sensitivity to different types of pollutants, in particular when the response depends on toxin concentration. Results of phytotests enable the selection of appropriate biological material to conduct bioremediation (microorganisms and/or enzyme preparations) and facilitate monitoring of clean-up processes. The results of our study provide evidence that phytotests are suitable bioindicators of the progress of land bioremediation, since they clearly show the transient increase in the phytotoxicity of treated soils. Conventional methods of soil quality assessment (standard chemical analysis of pollutants) during bioremediation may be insufficient in terms of the detection and quantification of toxic intermediate metabolites produced by microorganisms and enzymes involved in the clean-up process. Their concentrations may temporarily increase and considerably retard the process. Accumulation of pollutants and their toxic intermediate metabolites poses an additional threat to the natural environment. Therefore, quick toxicity tests are valuable tools minimizing such risks.
